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A simple schematic model anchored on the notion of hadronic freedom inferred from hidden 
local symmetry in the vector manifestation, the infinite tower of vector mesons in holographic 
QCD and "stickiness" of nir interactions inferred from dispersion relations is used to describe the 
dileptons produced in relativistic heavy ion collisions at PHENIX/RHIC. It is shown that due to 
the near "blindness" of dileptons to Brown-Rho scaling, those dileptons with invariant mass less 
than m p = 770 MeV come mostly from pion-composites that we interpret as "transient p's." 



/. Introduction: — In a recent article (referred to as 
BHHRS) 0, we have proposed a scenario for dilepton 
production in heavy ion collisions which is drastically dif- 
ferent from the standard scenario. Starting from the 32 
SU(4) mesons which are massless (in the chiral limit) 
at T c in Brown-Rho (BR) scaling [3] and as found in 
LGS, a period of hadronic freedom inferred from the 
theory of hidden local symmetry in the vector mani- 
festation follows. During this period of free flow 
the massless hadrons are more or less non-interacting. 
They all recover their free-space mass (e.g., m p = 770 
MeV) and strong interactions at the flash temperature of 
Tfi as h — 120 MeV. We shall refer to these hadrons being 
"on-shell" although they are in a thermal background. 
At temperature T <^ Tfi as h , in addition to the p mesons 
coming from the original SU(4) hadrons of the hadronic 
freedom region, there will also be those from 7r + 7r~ pairs 
colliding and forming p mesons in the manner 'manufac- 
tured' in dispersion theory in the Paris nucleon-nucleon 
interaction. The purpose of this Letter is to describe how 
the interacting pions contribute to the spectral function 
at the dilepton invariant mass M <^m p . 

We shall resort in this paper to an extremely simple 
schematic model that borrows the idea from what has 
been done in treating the p-meson exchange in the NN 
interaction, i.e., the dispersion relation formulation. A 
treatment in the framework of hidden local symmetry 
generalized to an infinite tower of vector mesons that 
arises in holographic QCD 0, 0| is proposed as a field 
theory approach to the problem. 
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FIG. 1: The dispersion theory mechanism for binding the p, 
and for obtaining the lower mass pion-composite. 

In the Paris potential [6, 7], for instance, the two-pion 
exchange potential in the p channel (see FigO} with a 
helicity amplitude 3 Pq can be characterized by an ex- 



change of a "pion-composite" with a distributed mass 
which shows not only the resonance peak at 770 MeV 
but also a non-resonant background. We will refer to 
this pion-composite as "transient p" or p* for short. Note 
that the "mass" of the p* , denoted m p * (equivalent to p 
in pi), can decrease to zero in the chiral limit but this 
has nothing to do with BR scaling. It will be argued that 
the largest number of these composites are formed at an 
energy 

m p » ~ m p /V2. (1) 

The way in which these p* 's of mass less than m p give 
rise to dileptons resembles the way in which 12 C is formed 
by 3 a particles in stars. In the case of stars, no bound 
state of 8 Be is available to hold two a particles together, 
but rather by what we call "stickiness" a + excited state 
at 0.092 MeV holds the two a particles together long 
enough for a third one to come along and carry the 2a 
system to the 7 MeV + excited state in 12 C. This mech- 
anism is amazingly effective, the presence of only one 
excited state in 8 Be* being necessary for 10 9 a's in order 
to produce the required amount of 12 C @. 

In the case of the p*'s formed by tt + tt^ collisions, a 
"stickiness" is furnished by the attractive p-wave inter- 
action, which holds them together long enough so that 
the "p*" can emit dileptons with free-space parameters 
(in particular with a = 2 and vector dominance). Note 
the similarity of astrophysical and heavy ion situations, 
both of them having a background thermal field T so that 
the 8 Be in the first place and the p* in the second place 
form in thermal templates and break up continuously. 

II. Blindness of Dilepton Production to BR-Scaling p- 
Mesons and "Stickiness" in the n + Tt~ Collisions: — We 
mention that for all practical purposes, dileptons are 
"blind" to BR-scaling p mesons, these entering at most 
at the level of an order of magnitude less than those from 
on-shell p's and p*'s. This has been established in detail 
by BHHRS 0]. 

The "stickiness" in n + ir~ collisions was used in many 
papers on the Paris potential; see e.g. [(J. A lucid review 
of the Paris potential can be found in §3.10.3 in 

In dispersion theory the J = 1 ( 3 Po) state of ir + and 
7r~ experiences a velocity-velocity dependent attraction, 
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which we take to be linear in the relative velocity. The 
velocity-velocity interaction is known to be attractive 
from the analysis of the p + p — > p + p + tt + + tt~ interac- 
tion in which the interaction between tt + and 7r~ can be 
measured. For the p meson used in the Paris potential 
the phase shift of the tt + tt~ bound state is 8 = ir/2. (In 
principle, the phase shift could be greater than tt/2, but 
in practice this is close to maximum because the weight- 
ing of the attractive velocity- velocity interaction runs out 
here.) In the years of the Mandelstam representation 
leading towards the Paris potential the calculations of 
the helicity amplitudes, the 3 Pq one furnishing the prop- 
erties of the p, were developed. These were forgotten, as 
the quark model took over and the p as discussed was 
made up out of a qq pair. However, the pion mass would 
be zero in the chiral limit, and it is clear that the lowest 
mass p* is made up chiefly out of tt + and tt~ , or q 2 q 2 
in quark language. The hidden local symmetry is a field 
theory with hadronic, not quark, variables so it is clear 
that it contains the p* of composite 7r + 7r~ nature. 

The most numerous tt + tt~ collisions just following the 
flash point where the hadrons go on shell are those with 
relative angle of 90° because of the large solid angle. 
These would give a lower 5^ ~ 7r/8 0- This is rather far 
from a bound state p for which — tt/2 is necessary, 
but indicates a "stickiness" with the 7r + and 7r~ pushing 
each other with their thermal velocities. The pions only 
need to be pushed in the right direction so as to stick 
together for several fm/c. 

In any case, neither in the case of pions colliding in 
heavy ion collisions nor in 12 C production by an addi- 
tional a attaching itself to a 2a state are we dealing with 
the bound states of the two particles, but rather with 
temperature dependent templates because the two-body 
systems form and reform as they are jostled about, due 
to the background temperature. This feature will be ex- 
ploited below for dilepton production. 

777. Making a Quantitative Theory for the PHENIX 
Dileptons from the Hidden Local Symmetry Vector Man- 
ifestation: — Let us consider what happens to one batch 
of SU(4) hadrons, initially at (nearly) zero mass at T c . 
From [l| we have at the flash point 66 pions, among which 
there are 18 reconstructed p's, 6 of the latter being p° 
(half of these result from a\ decay). These 6 p° mesons 
can give rise to dileptons at the dilepton invariant mass 
of 770 MeV. From STAR, we estimate @ that there are 
6 to 7 7T~ per p° meson [Tljj , also 6 to 7 n + (correspond- 
ing to the lower and upper limits of number of pions 
involved in the STAR ratio); therefore 36 to 49 possible 
7r + 7r~ collisions. We will take the mean value ~ 42 in the 
numerical estimate made below. These pions have been 
given off mostly - among other mesons - from the heavy 
particles, p and a\, going on-shell at the flash point that 
is reached after a free flow from the hadronic free regime 
and are therefore more or less equally distributed over 
angle. This spherically symmetrical distribution at the 
flash point is the basic structure of the system that we 
associate with hidden local symmetry in the vector man- 



ifestation and this will play a key role in what follows. 
Thus, there are between 36 and 49 tt + tt~ collisions per 
SU(4) batch which can make p*'s with the p*'s with the 
mass 770 MeV identified as the on-shell p's. 

The temperature at the end of free flow is between 135 
MeV and the flash temperature, i.e., 120 MeV. Equili- 
bration is assumed to take place during this interval of 
temperatures. Ignoring the pion mass that comes from 
tiny quark masses, the invariant mass of the colliding ir + 
and 7T~ is given in terms of the relative solid angle 9 as 

M(0,e) =2esin- (2) 

where e is the pion energy (or momentum with zero 
mass). Since we are neglecting the pion mass, the pion 
energy is just the thermal energy e ~ iTfi as h so that 
a 7r + and 7r~ colliding head-on will produce a p* which 
is nearly on-shell, with mass A4(tt, 3Tj; as ^) ~ 720 MeV. 
We will call this object p^ 2 o- By "head-on collision," we 
mean that in which the ir~ collides within 180 ±45° with 
the 7r + , for which the relative solid angle is 

AQ 2tt f* 8 ° sine6>d6> , N 

— = — ^ -0.15. (3) 

n 47r 

Since the pions are assumed to get distributed spherically 
symmetrically coming from the "heavy" mesons, the to- 
tal number of collisions leading to near on-shell p*'s can 
be simply estimated as ~ 0.15 x 42 ~ 6. We note that 
the number of these "near on-shell" p* 's is essentially the 
same as the on-shell p's that would be detected from one 
set of the SU(A) hadrons at the flash point, 3 of the p°'s 
coming directly from the set and 3 more from the ai's 
decaying into p° plus ir. This implies that the number 
of p°'s just below the on-shell p peak should be roughly 
continuous going down in mass through 770 MeV, the 
on-shell p mass |l2j . 

This is, however, not what is seen in the PHENIX 
data [loT |. In it the dileptons emitted by the p as well 
as ui mesons are shown as a cocktail contribution. This 
means that the on-shell p° did not go through the fire- 
ball. In our theory the 3 of the p°'s from the a\ decay 
will have joined the other p°'s in flow and should also be 
included in the cocktail peak. This can be done within 
given errors. 

Going down from the cocktail peak to 720 MeV, we 
position our ~ 720 MeV p*'s at - 1.2 x 10~ 4 resulting 
from 6 p s. In doing this, we are equating the number of 
p*'s to that of on-shell p°'s at the point where they join. 
This defines our normalization. 

Now the relative velocity of 7r + and tt~ decreases by 
1/V2 in moving from 9 = 2tt to tt. Therefore from 
Eq. d2|), we find that at 90°, the mass of p* would be 
~ (720/v2) — 509 MeV. Given our principal assumption 
of the equal distribution over angle, there would be 

h - 2.4 (4) 

times more ir + ir~ pairs between 135° and 90° than be- 
tween 180° and 135° at which p*'s are more or less the 
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on-shell p's, and similarly for 90° and 45° and for 45° and 
0°. Note that the larger number of collisions at ~ 90° 
results from the larger relative solid angle, and may be 
characterized as a continuous function proportional to 
sin 9 with relative velocity sin assumed to give the drop 
in m p » . 

The above reasoning gives the number of p* 's as a func- 
tion of the solid angle 9 as well as a relation between 
nip* and the solid angle. All we need for addressing the 
PHENIX dileptons is then the dependence of the dilep- 
tons on m p * . 

IV. Calculating the dileptons from p* 's: — In order to 
compute the dilepton production from tt + tt~ collisions, 
we need to know how the photon couples to the transient 
p (i.e., p*). As noted earlier, this was parameterized 
from a knowledge of the attraction between the two pions 
determined experimentally from p + p — > p + p + tt + + ir~ 
reactions. We should note that we are constructing the p 
and p* as sort of "energy fluctuations"; i.e., as templates 
in a heat bath to be weighted thermally. We are in fact 
constructing the entire process of tt + it~ — > p* with the 
maximum m™ oa: = m p = 770 MeV; the p*'s make the 
transition to the observed dileptons. 

In a generalized hidden local symmetry theory, the p* 
coupling to the virtual photon is vector-dominated by the 
infinite tower of vector mesons as is suggested in holo- 
graphic dual QCD (hQCD) 3,1]. When the tt+ and n~ 
have exactly opposite momenta, the on-shell p, here iden- 
tified at ~ 720 MeV corresponding to the flash temper- 
ature, will be produced. This corresponds to the lowest- 
lying vector meson p(770) with width of 150 MeV in the 
tower to which the dileptons with invariant mass peaked 
at 770 MeV will couple. These dileptons are counted as 
cocktails in PHENIX. The p*'s with mass less than 770 
MeV that will be produced at lower angles will couple to 
dileptons through the higher-lying members of the infi- 
nite tower. We can assume using closure approximation 
that the photon couples point-like to the latter since the 
closure energy E should be much greater than the mass 
of the p*'s lying below 720 MeV. This point-like photon 
coupling to p* 's via the massive members of the tower will 
be the key ingredient for allowing the simple numerical 
estimates to be made below. 

Now in the e + e~ CM frame, the photon propagator in 
the dilepton coupling to the p* is 

D 1 ~l/M{9) 2 (5) 

where M. is defined in Eq.([2]). e will be taken to be 
3T fi as h, so will be omitted in the expression in what fol- 
lows. A simple calculation shows that the propagator © 
gives in the diletpon cross section a scaling factor 

Thus, given the assumption of the direct coupling ex- 
plained above, we would expect, in going from m p * ~ 720 
to ~ 509 MeV, an increase in p*'s of a factor 

hh ~2.4x2~ 4.8. (7) 



This increase in number of p*'s from 720 MeV to 500 
MeV - which is expected to be more or less linear - is 
approximated by a straight line in FigO 

Now in going from ~ 500 to ~ 200 MeV, one would 
expect the decrease in the number of 7r + 7r _ collisions to 
be roughly canceled by the factor (M(n/2)/M(9)) 2 so 
that the number of experimental points to be more or 
less flat. This is indicated as a rough approximation by 
a straight horizontal line in FigJ5J Note that our model 
does not include the fact that the p* mass cannot drop 
below 2m T . 

To compare with experiments, the cocktail contribu- 
tions need to be included. Even without the latter, the 
agreement with experiments is quite satisfactory. We ex- 
pect that the same mechanism will be operative for the 
NA60 dileptons except that much fewer pions will be in- 
volved here. 




FIG. 2: PHENIX data (l/N evt )dN/dM ee (c 2 /GeV) in 
PHENIX acceptance vs. M ee . 

We suggest that the rapid rise at very low masses other 
than that from ir a decay comes from the pions goin g 
into cr-mesons. (See Fig. 5 of Shuryak and Brown [l3j.) 
The pions that result from the decay of the a have non- 
thermal, very low kinetic energies. This matter will be 
considered in a separate paper. 

Conclusions — Hidden local symmetry in the vector 
manifestation which gives rise to BR scaling suggests 
hadronic freedom between the critical point and the flash 
point. The way in which the 32 SU(A) hadrons mass- 
less at T c according to the calculations of Park, Lee and 
Brown starting from unquenched QCD [l4| go on-shell 
at the flash point leads to the "blindness" of the theory 
to BR-scaling p mesons. 

We have reconstructed the 7r + 7r~ pairs which experi- 
ence attraction and which are identified with the usual 
on-shell p mesons when their phase shift 5 TV is equal to 
7r/2 as in the construction of the Paris potential for NN 
scattering. When a bound state is not formed, there is 
still enough attraction in the lower-mass fluctuation p* 
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FIG. 3: The proposed temperature phase diagram modified 
by the hidden local symmetry in the vector manifestation that 
is conjectured to lead to Hadronic Freedom. One expects a 
similar modification in density. 



in order to hold the 7r + and 7r~ together long enough 
to produce dileptons. These p*'s coupled to the infinite 
tower of p mesons are sufficient to explain the low-mass 
dileptons in the PHENIX experiment. 

Our principal conclusion is that the PHENIX data can 
be successfully analyzed in terms of hidden local sym- 
metry in the vector manifestation together with the role 
of the infinite tower suggested in hQCD 0, H| . This re- 
sult follows from the blindness of the dileptons to BR- 
scaling vector mesons, the concept of the flash point and 
hadronic freedom, all of which are an essential ingredient 
of HLS/VM. Although not observable directly, BR scal- 
ing plays a crucial role in understanding the observed 
spectrum. The BR-scaling vector mesons that carry sig- 
nals for partial as well as full chiral restoration should 
in principle be present below the p peak but are highly 
suppressed by the vector manifestation of hidden local 
symmetry, rendered invisible in the background of the 
pion-composites. 

If the proposed scenario is correct as suggested by 
our analysis, then the standard phase diagram may have 



to undergo a major revamping. There have been sug- 
gestions in the literature that the presently "predicted" 
phase structure at high density and low temperature 
could be wrong. In fact there can be a plethora of other 
phases that could replace or render obsolete the ones fig- 
uring in the present phase diagram: Kaon condensation 
at a density as low as 3 times normal nuclear matter 
which would send compact stars into black holes at higher 
density [ll|, a half-skyrmion quantum critical phase re- 
lated to hadronic freedom in density below the chiral 
critical density (l(| , a quarkyonic phase with quark con- 
finement but restored chiral symmetry [l7| , an anomaly- 
induced spectral continuity with no phase transition [181 ] 
etc. At present, there is no model-independent theoreti- 
cal method to determine which are viable and which are 
not. On the contrary, it has been generally accepted, 
based on available lattice QCD and experimental data, 
that the phase structure at high temperature and low- 
density is more or less known modulo some details. The 
present study, however, suggests that this understanding- 
is not entirely correct. The dilepton experiments indi- 
cate that there is the hitherto unsuspected "Hadronic 
Freedom" phase shown in Fig [3] which makes a drasti- 
cally different picture of how phase transitions occur in 
temperature (as suspected in density). 
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